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ABSTRACT
We present new results of CO(1-0) spectroscopic observations of 4 SDSS type 2 quasars (QSO2) at z∼0.3, observed with
the 30m IRAM telescope. The QSO2 have infrared luminosities in the ULIRG (UltraLuminous Infrared Galaxies) regime.
We confirm the CO(1-0) detection in one of our 4 QSO2, SDSS J1543-00, with L′CO and MH2 (1.2±0.2) ×10
10 K km
s−1 pc2 and (9.4±1.4)×109 M⊙, respectively. The CO(1-0) line has FWHM =575±102 km s
−1. No CO(1-0) emission
is detected in SDSS J0903+02, SDSS J1337-01, SDSS J1520-01 above 3 sigma, yielding upper limits on M(H2) ∼ 9.6,
4.3 and 5.1 ×109 M⊙ respectively. Together with CO measurements of 9 QSO2 at z ∼0.3-1.0 from the ULIRG sample
by Combes et al. (2011, 2013), we expand previous studies of the molecular gas content of intermediate z QSO2 into
the ULIRG regime. We discuss the location of the 13 ULIRG QSO2 at z <1 with available L′CO measurements in the
L′CO vs. z and L
′
CO vs. LFIR diagrams, in comparison with other QSO1 and ULIRG star forming samples.
Key words. (galaxies:) quasars: general; (galaxies:) quasars: emission lines; galaxies: ISM
1. Introduction
Following the discovery in large numbers of type 2 quasars
(QSO2) during the last decade, an intensive follow up has
been performed at different wavelengths: X-ray, radio, in-
frared and optical (e.g., Szokoly et al. 2004, Lacy et al.
2007, Martínez-Sansigre et al. 2006, Zakamska et al. 2003).
In spite of this, the molecular gas content of this class of
objects has been very scarcely studied.
The study of the molecular gas content in these ob-
jects is crucial to better understand the conditions required
to trigger both the nuclear and star formation activities
in the most luminous active galaxies (AGN), since this
gaseous phase can provide large amounts of fuel to form
stars and feed the nuclear black hole. It can also provide
information about the relation between QSO2 and other
systems such as type 1 quasars (QSO1), luminous (LIRG,
1011 L⊙ ≤ LIR <10
12 L⊙) and ultra-luminous (ULIRG,
LIR ≥10
12 L⊙) infrared galaxies, where LIR is the total in-
frared luminosity (∼8-1000 µm range). However, only few
molecular gas studies of QSO2 have been carried out, and
frequently focussed on z >2 objects (see Villar Martín et
al. 2013 (VM13 hereafter) and references therein).
⋆ Based on observations carried out with the IRAM 30m ra-
diotelescope.
2. QSO2 sample at z <1
There are L′CO measurements for 29 QSO2 at z <1 pub-
lished in three different works. 15 CO(1-0) confirmed de-
tections are reported (i.e. 52% detection rate) which imply
molecular gas masses M(H2) = α× L
′
CO in the range (0.5-
15)×109 M⊙
1.
Krips, Neri & Cox (2012, KNC12 hereafter) investigated
the molecular gas content of 10 QSO2 at z∼0.1-0.4 based
on observations performed with the IRAM Plateau de Bure
Interferometer (PdBI). All but two objects (selected from
Zakamska et al. 2003), are from the original sample of 24 µm
selected galaxies observed with the Spitzer infrared spectro-
graph for the 5 millijanksy Unbiased Spitzer Extragalac-
tic Survey (5MUSES) (Wu et al. 2010, see also Lacy et
al. 2007). KNC12 confirm the detection of CO(1-0) in five
sources and a tentative detection for a sixth. The molec-
ular gas masses were found in the range of M(H2)∼(0.4-
2.6)×109 M⊙ for the detections and upper limits are in the
range (0.4-2.2)×109 M⊙ for the non detections.
In VM13 we presented the results of CO(1-0) spectro-
scopic observations of 10 QSO2 at z∼0.2-0.34 performed
with the 30m IRAM radiotelescope and the Australia Tele-
scope Compact Array. All objects were selected from the
original sample of QSO2 at 0.3<∼ z <∼ 0.8 identified by Za-
kamska et al. (2003) from the Sloan Digital Sky Survey
1 For coherence with other works, we assume α=0.8 M⊙ (K km
s−1 pc2)−1 (Downes & Solomon 1998). Recent results suggest
α=0.6±0.2 (Papadopoulos et al. 2012).
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(SDSS, York et al. 2000). 5 new confirmed CO(1-0) de-
tections were reported, with M(H2)∼(5-6)×10
9 M⊙, and
1 tentative detection. Upper limits are in the range (1.6-
5.0)×109 M⊙ for the non detections.
Most of these 20 QSO2 (17/20) have LIR <10
12 L⊙, i.e.,
in the LIRG regime or below. Only three have LIR ∼10
12
L⊙ in the transition between the LIRG and ULIRG regimes.
The implied molecular gas masses are found to be consistent
with QSO1 of similar infrared luminosities.
Here we expand our work into the ULIRG regime. On
one hand, we include results of CO(1-0) observations of 4
ULIRG SDSS QSO2 at z ∼0.3 (Table 1), to match in z the
sample by VM13.
We also include 9 objects in the z <∼1 ULIRG samples by
Combes et al. (2011, 2013; C11 and C13 hereafter). Making
use of the original SDSS spectra when available or optical
line luminosities published in the literature, we find that
the following ULIRG can be classified as QSO2 according
to Zakamska et al. (2003) criteria: G19, G30, S1, S4, S8,
S10, S12, S21, S25 (the nomenclature in C11, C13 is used).
These 9 QSO2 are at z ∼0.3-0.9. Spectroscopic observations
of different CO transitions performed with the IRAM 30m
radiotelescope imply M(H2)∼(3.2-15.4)×10
9 M⊙ for the 5
detections and upper limits ∼(1.1-7.2)×109 M⊙ for the 4
non detections (C11, C13).
We assume ΩΛ=0.7, ΩM=0.3, H0=71 km s
−1 Mpc−1.
3. Observations and data reduction
The observations were carried out using the 30m IRAM
single dish telescope at Pico Veleta, during two different
observing runs in February and June 2013 (programme
202-12). The EMIR receiver was tuned to the redshifted
frequencies of the CO(1-0) line (115.27 GHz rest frame),
using the optical SDSS z for each object (see Table 1).
The observations were performed in the wobbler-switching
mode with a throw 50" in order to ensure flat baselines. We
observe both polarizations (H and V) using as a backend
the WILMA autocorrelator that produced an effective total
bandwidth of 4 GHz with a (Hanning-smoothed) velocity
resolution of 16 MHz ∼ 50 km s−1. The corresponding Tsys,
total integration time and the rms corresponding for each
source is specified in Table 1. The temperature scale used
is in main beam temperature Tmb. At 3mm the telescope
half-power beam width is 29
′′
. The main-beam efficiency is
ηmb= T
∗
A/Tmb =0.81 and the conversion factor is S/T
∗
A =
5.9 Jy/K.
The pointing model was checked against bright, nearby
calibrators for every source, and every 1.6 hrs for long inte-
grations. It was found to be accurate within 5”. Calibration
scans on the standard two load system were taken every 8
minutes.
The off-line data reduction was done with the CLASS
program of the GILDAS software package (Guilloteau &
Forveille 1989), and involved only the subtraction of (flat)
baselines from individual integrations and the averaging of
the total spectra (Fig. 1).
4. Results
4.1. Infrared luminosities
The 4 QSO2 in our sample have an IRAS counterpart at
60 and/or 100 µm, that we have used to constrain the far
m
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Fig. 1. CO(1-0) spectra of the 4 QSO2 in our sample. The zero
velocity corresponds to zSDSS. A fit of the line profile is shown
in green for the object with detected emission. The vertical axis
shows the corrected-beam temperature. The bottom box repre-
sents the velocity window where the line is expected.
infrared luminosities LFIR. For coherence with numerous
works published in the literature, we estimate LFIR in the
40-500 µm range applying FFIR = 1.26×10
−11 [2.58 f60 +
f100] erg s
−1 cm−2 and LFIR = 4pi D
2
L C FFIR, where we
assume C =1.42 (Mirabel & Sanders 1996). f60 and f100 are
the IRAS flux densities at 60 and 100 µm in Jy. Although
the formula was derived for star forming galaxies at z =0,
it is often used also for AGN and galaxies at higher z. Thus,
here we consider it adequate for the purpose of comparison
with other works (e.g. C11, C13, Bertram et al. 2007).
Measurements in both the 60 and 100µm bands exist
only for SDSS J0903+02, while IRAS detections are re-
ported only in one of the bands for the other 3 QSO2. In
such cases, we have constrained the flux in the missing band
by assuming typical values of Q = f60µm/f100µm for sim-
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Table 1. The sample. zSDSS is the optical redshift derived from the [O III]λ5007 line using the SDSS spectra. DL is the luminosity
distance in Mpc. texp gives the total exposure time per source including calibrations. νobs is the observed frequency of the CO(1-0)
transition and rms is the noise determined from channels with 16 MHz (∼50 km s−1) spectral resolution in mK.
Object RA(2000) Dec(2000) zSDSS DL texp νobs Tsys rms
Mpc hr GHz K mK
SDSS J0903+02 09:03:07.84 +02:11:52.2 0.3290 1716 2.6 86.74 101 0.60
SDSS J1337-01 13:37:35.02 -01:28:15.7 0.3282 1711 5.5 86.79 88 0.27
SDSS J1520-01 15:20:19.75 -01:36:11.2 0.3070 1583 4.4 88.20 93 0.39
SDSS J1543-00 15:43:37.82 -00:44:19.9 0.3107 1605 7.1 87.95 91 0.25
Table 2. The luminosity (2) of the [OIII]λ5007 line (Zakamska et al. 2003) is given in logarithmic units of L⊙. L
′
CO (3) is in units
of ×109 K km s−1 pc2, where the upper limits correspond to 3 σ. A conversion factor α=0.8 M⊙ (K km s
−1 pc2)−1 has been
assumed to calculate the molecular gas mass (4), with M(H2) = α× L
′
CO . VCO−[OIII] is the velocity redshift of the CO(1-0) line
relative to zSDSS. Columns (8) and (9) give the total infrared (∼8-1000 µm) and far infrared (∼40-500 µm) IRAS fluxes in mJy,
while the luminosities are shown in (10) and (11) in units of ×1012 L⊙.
Object log[OIII] L′CO M(H2) FWHMCO VCO−[OIII] F60µm F100µm LFIR LIR
×109 ×109 M⊙ km s−1 km s−1 mJy mJy ×1012 L⊙ ×1012 L⊙
(1) (2) (3) (4) (5) (6) (7) (8) (10) (11)
SDSS J0903+02 8.42 < 12.0 < 9.6 - - 390 540 2.5 3.8
SDSS J1337-01 8.72 < 5.3 < 4.3 - - 140 N/A 1.4+0.8
−0.3 2.1
+1.2
−0.45
SDSS J1520-01 8.29 < 6.8 < 5.4 - - N/A 490 1.2+0.3
−0.3 1.8
+0.45
−0.4
SDSS J1543-00 8.40 11.7 ± 1.8 9.4 ± 1.4 575 ± 102 128 ± 47 130 N/A 1.1+0.7
−0.2 1.65
+1.1
−0.3
ilar objects. There are 12 SDSS QSO2 at z ∼0.3-0.4 with
IRAS measurements in both bands (Zakamska et al. 2004).
These show Q median, average and standard deviation val-
ues 0.26, 0.29 and 0.17 respectively. 10/12 (83%) of these
QSO2 have Q in the range 0.29±0.15. The most proba-
ble LFIR values and their uncertainties for SDSS J1337-01,
SDSS J1520-01 and SDSS J1543-00 have been calculated by
using Q=0.29±0.15. Following VM13, LIR was then con-
strained by assuming a typical ξ = LIR
LFIR
=1.5. The results
are shown in Table 2. The errors reflect the uncertainty on
the range of possible Q values. The 4 QSO2 have LIR in
the ULIRG regime (>1012 L⊙).
4.2. L′CO and M(H2)
CO(1-0) detection is confirmed in one object (SDSS J1543-
00) with L′CO=(1.2±0.2)×10
10 K km s−1 pc2 (Table 2).
HST images of this quasar show that it is undergoing a
major merger event (Villar Martín et al. 2012). Assuming
α=0.8 M⊙ (K km s
−1 pc2)−1, the implied molecular gas
mass is (9.6±1.6)×109 M⊙, which is consistent with molec-
ular gas content of other systems with similar LIR. A 1-
Gaussian fit of the line profile implies FWHMCO=576±102
km s−1 with a velocity redshift relative [OIII]λ5007 of
128±47 km s−1. No CO(1-0) is detected in the other 3
QSO2. Following the same procedure described in VM13,
3σ upper limits on the molecular gas masses are estimated
to be 9.6, 4.3 and 5.4 ×109 M⊙ for SDSS J0903+02, SDSS
J1337-01, SDSS J1520-01 respectively.
The location of the 4 objects in the L′CO vs. z and
L′CO vs. LFIR and diagrams is shown in Fig. 2 as red hol-
low circles (see VM13 for a detailed discussion), together
with other QSO1 (blue symbols) and QSO2 (green sym-
bols) samples (left panels) and star forming ULIRGs at
<∼1 (right panel). The 9 ULIRG QSO2 from C11 and C13
are represented with green solid squares. These 13 ULIRG
QSO2 at z <1 fall on the L′CO vs. LFIR correlation de-
fined by other quasar samples at different z and overlap
with the location of star forming ULIRG. LFIR is likely to
be dominated by the starburst contribution in those QSO2
with total LIR <2×10
12 L⊙. This is less certain at higher
luminosities, where an increasing relative contribution of
the AGN might occur (Nardini et al. 2010). Indeed, sev-
eral QSO2 and QSO1 from Combes et al. (2011, 2013) are
at the lower envelope of the data distribution in the L′CO
vs. LFIR diagram. This might suggest a poor gas content
compared with star forming ULIRGs of similar LFIR. It
is however possible that this effect is a consequence of a
substantial contribution of the AGN to the LFIR, since all
of them have LIR >2×10
12 L⊙, above the turning point
identified by Nardini et al. (2010).
5. Conclusions
• We present the results of CO(1-0) spectroscopic obser-
vations of 4 SDSS QSO2 at z ∼ 0.3 observed with the
30m IRAM telescope. These QSO2 have infrared luminosi-
ties in the ULIRG regime, expanding our previous work on
less infrared luminous QSO2 at z ∼0.3 into this regime.
The 4 QSO2 have LFIR ∼(1-2.5)×10
12 L⊙. We have also
added 9 ULIRG QSO2 at z ∼0.3-0.9 from Combes et al.
(2011,2013), which have LFIR ∼(0.2-2.5)×10
13 L⊙.
• CO(1-0) detection is confirmed in one of the 4 objects ob-
served by us: SDSS J1543-01. L′CO and MH2 are (1.2±0.2)
×109 K km s−1 pc2 and (9.6±1.6)×109 M⊙, respectively.
The line has FWHM =575±102 km −1. No CO(1-0) emis-
sion is detected in SDSS J0903+02, SDSS J1337-01, SDSS
J1520-01. 3σ upper limits on M(H2) are 9.6, 4.3 and 5.4
×109 M⊙ respectively.
• The L′CO (measurements and upper limits) of all 13
ULIRG QSO2 at z <1 fall in the L′CO vs. LFIR and L
′
CO
vs. z correlations defined by QSO1 and QSO2 with differ-
ent z and LIR. They overlap as well with z <1 star forming
ULIRGs. Several QSO1 and QSO2 in Combes et al. (2011,
2013) mark the lower envelope defined by the scatter of the
correlation. They might be gas poor objects. Alternatively,
this result might be an effect of a significant contribution
of the AGN to the LFIR.
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Fig. 2. L′CO vs. z (top) and L
′
CO vs. LFIR (bottom) for QSO1 (blue symbols) and QSO2 (green symbols). Our 4 ULIRG QSO2
are the red open circles. References are as follows: green solid circles: QSO2 from VM13. Open green squares: QSO2 from KNC12.
Green solid squares: QSO2 from C11 and C13. Green solid triangles: z ≥2 QSO2 from different works (DW) (Aravena et al. 2008;
Martínez Sansigre et al. 2009; Yan et al. 2010; Polleta et al. 2011; Lacy et al. 2011) // Blue crosses: z ≥2 QSO1 from different
works (DW) (Cox et al. 2002; Carilli et al. 2002; Walter et al. 2004; Krips et al. 2005; Riechers, Walter & Carilli 2006; Gao et al.
2007; Maiolino et al. 2007; Coppin et al. 2008; Wang et al. 2010, 2011; Riechers, Walter & Frank 2009; Riechers et al. 2009, 2006).
Blue solid squares: QSO1 from C11 and C13. Open blue circles: z ≤0.2 QSO1 from different works (DW) (Evans et al. 2001, 2006;
Scoville et al. 2003; Pott et al. 2006; Bertram et al. 2007). Filled blue circles: ULIRG QSO1 from Xia et al. 2012 (X12). Orange
small diamonds: star forming ULIRGs at z ≤1 (C11, C13; Graciá Carpio et al. 2008 (GC08))
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